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loops from an applications perspective, and addresses their impact on spacecraft design, integration, and test. Some tectmica 
challenges and issues for both loops are also addressed. 


INTRODUCTION 

Hie use of two-phase thermal control systems such as Capillary Pumped Loops (CPLs) and Loop Heat P^^HPs) 
substantially in the las. se»e.al year. They offer ^ 
compared to conventional heat pipes. There have been many publications on CPLs and LHPs with regard to th 
operating characteristics, with some comparisons of these two-phase heat transfer sys terns .such 
H993 1997 1999) Maidanik (1997) and Cullimore (1998). However, these papers have 

of the system, without an emphasis on th» a^hcati®, Then , tovebeen ^ 
rmblications addressing applications such as Baker (2001), Chalmers (2000), Ku (1998), and McIntosh ( 1999 ). 
However these papersfocmsed on specific applications, without addressing generic design considerations that apply 
s^riemenuttion. Thts^pe, attempt to provide a gmde to the rf 

the™ s items mcluding the requirements on the spacecraft builder for their utilization. A comparison of die two 
systemsls also offered, to assist in the determination of which system is best suited for a particular application. 


LOOP HEAT PIPE AND CAPILLARY PUMPED LOOP OVERVIEW 

Both LHPs and CPLs are two-phase heat transfer devices that utilize boiling and condensation to transfer heat and 
the surface tension force developed by the wick to circulate the fluid. As shown schematically in Figures , 

^htr=sof an evaporator, a condenser, a vapor fine, a liquid line and a hydro-accumidator. The ^ « 
required only in the evaporator and hydro-accumulator, the rest of the loop is made of ^ 00 * wafteft mbmg^ to 
Sue the hydro-accumulator is usually called a reservoir in CPLs and a compensation chamber (CC) m LHPs 
Both loops work based on the same principle: as the heat load is applied to the evaporator, liquid is vaporized and, at 
tofsiTtoe a Sis is fonned at the hqmd/vapor interface in toe wick. Hie surface tension force deve ops a 
pressure ^dient that moves the vapor to toe condenser where it condenses. The liquid is pushed back toe 
evaporator by the same surface tension force. 

A major difference between toe two loops is toe construction of toe evaporator and hydro-accumulator, and toe 
nhvsical location of the latter, to a LHP, the CC is made as an integral part of toe evaporator, and is comiectedto 
LTLporator by a second wick. In addition, die CC is located directly in the path ^ the 
reservoir in a CPL is usually located remotely from the evaporator and is outside toe path of fluid circulation. 
rXtSiS iStSS two systems is L LHPs use a smtered powder metallic wick with pore sues « the 
order of 1 micron while CPLs use a polyethylene wick with pore sizes on toe order of 15 microns. As will be 



discussed in the following section, these differences have great impacts on all aspects of foe loop operation, 
SS It opitmg temperature, control heater power required. for the hydro-accumulator, 

design flexibility, and loop deprime and recovery. 
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Figure 1. Schematic of a CPL. 
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Figure 2. Schematic of a LHP. 


DISCUSSION 


There are a number of important parameters that have to be considered with the use of Loop, Heat Pipes ^ 
Capillary Pumped Loops. The following discussion addresses some of these parameters and examines their impac 

on spacecraft applications. 


Start-up and Starter Heater 


Both systems generally require starter heaters to initiate flow in the loops to get them started. This is especially true 
JttS . large Henna] mas. <Le. msnrmen. or elecmtnics box) or Hey hanspon retovely low 






amounts of power. A CPL requires pre-condiuoimg ^ reservoil t0 “prime” the evaporator pump and 

power to the evaporator for start-up. This mvo \ ' P ' * applying power directly to the evaporator without 

collapse any vapor bubbles. fqSk Wt-up. With a low heat load to the 

pre-conditianing. However, self-start d evaporator the LHP start-up may take a long time, and incur 

evaporator and/or a large thermal mass attached tojhe wa^rato ^ ^ ^ ^ rf cpL staIt . up wuh a 

a itantial temperature overshoot. ^ 0 ^ c ^ hen Ld circulation is initiated, that may lead to loop 

large thermal mass is that a severe co systems generally utilize starter heaters with 

failure. To enhance the chance of start-up access l^th^L J* e attac hed thermal mass^ 

power ranges from 30 Watts to 75 watts ^ ^ starter heaters are most effective if placed 

ssrrsus - — - — « - 

necessary to start the loop 


Reservoirs/Compensation Chambers 


The hydro-accumulator, or Ton^f *7 system saturation temperature and 

and the compensation chamber (C ) ^ k HP is an integral part of the evaporator, and 

maintain the proper fluid inventory in the p. ick This arrangement typically provides for a more 

connected to it by a capillary structure cafled Mhe secoi wck draws bquld directly from the CC to the 
robust operation of the LHP compared to a > aporator ^ which can cause an evaporator pump failure 

evaporator. This allows it to operate ^ vajwr m po ^ lt has to be accommodated next to 

(deprime) in a CPL. However, he LHP CC Jocattcm cm be<^ ^ ^ affects the LHP operating 

" uTh^trol^r ^ower requirement, which will be discussed m more detail in the next 

section. 

The CPL reservoir is typically *^5?^ h^ter'po'^'caQ 

bias of the reservoir, and a fixed heat leak can ^ eT design flexibility and can allow the CPL to run at 

£«£> condition. However, an addrfionai ptanbmg toe . 

needed to connect the CPL reservoir to the evaporator 


Loop Operating Temperature 

Since the saturatron temperature of, ^^XSoop ^ ’^g SpS^S^^oca^ 
affects the hydro-accumulator temperature ^ c f L can maintain a fairly constant operating 
outside the path of fluid circulation, an 1 condenser sink temperature. One exception will be a rapid 

temperature regardless of changes in flieheatloador shock”, which can rapidly reduce the 

flow of cold fluid into the reservoir during ^start-up, ^ ^ ^ Uqmd from the radiator is 

loop temperature, and m extreme ct^ caus ^i/Saters will eventually return the loop to the control 

balance between the “heat leak” and subcootog of h ^ a$ &e < %&>t lealc ” directly affects the loop 

evaporator, the heat that flows from the evaporator to 4eC can ai s0 affect the startup. Although 

operating temperature, es P eci ^ t1 ^ a significant factor ’in LHP operation. Any change in the heat 

LHPs are designed to mmrnuze the heat leak, it is sou a spju temperature. LHP operating temperatures 

l0 ,d and/or the «nta» r shdt versus the hear load (figure 3). 

tvnically follow the well-known XT or V sn p grapn n 9991 

discussion of LHP performance ctaractenst.es ^ avadable fiom K« ( 1 999). 
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Figure 3. Typical LHP temperature profile. 


Temperature Control 

Many applications require control of the loop and then heated to 
electrical heaters on the reservoir(CPL) or the heatillg ^ cc t0 ^ desired temperature, 

the desired temperature. For LHPs, temperature ^ ^ heater control. This means that the 

which must he higher than its natural eq ^ Figure 3 . in either case, thermostats can be 

temperature can only be controUed t0 t he 3 t 0 T o C^g^ Tighter iol (+/- 0.1 °C) has been demonstrated 
used if the required control band is wide (m the 3 to 5 8 ^ ^ a separate electronics box. These 

using electrical controllers with feedback ^ ^ developme nt of a generic temperature 

controllers have been uniquely de f f< " J? as weU as other thermal control applicauons.) It should 

SS JcPU " we* ?*«« to — * K «*— — “ “ “ 

necessary for LHPs when temperature control is not required. 


Control Heater Power 

As mentioned above, the control heater pow^or the ^ to tecooled to the low end 

can be properly insulated such that the exposed Mea 1S heat loss . Typical control heater power is on 

of the operating temperature range, and small d th ^ ^ reservo ir due to the 

the order of 15 Watts. Additional heater ^erjs ne^t^ ^ ^ & ^ ^^cement 0 f cold 
cooling of the reservoir toe. This is e^iaUy pron ^ operation from the liquid displaced due to 

liquid into the reservoir. There can also be some co ® £, h ase ^ Analysis of the additional power 

power changes in the loop, or oscillations ^' ^e ^cd f^ P h P sufficient margin in heater power 
requirements due to the effects of m-rustag » d *“J, accuraK «etmmati on. 

allocated for reservoir control is needed, often relymg on test oaia 10 

■ . f tup T HP CC is more comphcated than that for a CPL 

Determination of the control heater power re T^ T ^ ble to overcome the liquid subcooling. Since the 

reservoir (Ku, 1999). The too fm*e « to J CPL , the cose 

hqviid passes directly through the CC, LHPs generally na g ^ ^ ^ vgry large> m the order of 50 

of a very cold sink and moderate evaporator po , ^ reduce ^ LHP heater power requirement. One design 

Watts or higher. Some mnovanve designs are be g ^ ^ heat ±e ret uming liquid, analogous to a 

11tili7.e s a conductive coupling between the vapo q Variable Conductance Heat Pipe (VCHP) to 

regenerative heat exchanger (Baker, 1999). 0 e * Swales 2001) These designs have reduced the control heater 

7 »« wX^\^Tlarge margin ik retook for tool heater power, with test data 

needed as well. 




Radiator (Condenser) 

Tie radiator should be sized to accomtnodrde *•-£»- 

with at least 10 C of subcoolittg on the returning bqmi tufa asugp ?Z£ia* Achieved over the fall range of 
dissipate the maximum power applied to the evaporator, P exceeded, vapor will flow back to 

flre tot load. On the other hand, if the condenser T^or ts dStS resulting in eventual 

£2TSE ^e^T 

continue to function. The LHP will increase in temperature, but continue to run. 


Loop Shutdown 

One of are graa.es, adributes of both of these systems is the < rapahahy » *££££ 

(diode action). TOsoccms when the power dtsstpafargm^^ Oneofthe 

spacecraft enters a survival mode. The shu^own capa^ty c^pro^(te ^ or & tf a he ater is 

best methods to accomplish the ^ used t0 stm t down the loop simply by raising the loop 

5SBSSS SK ttSZZLto n , f e evaporators.removedtir, Cer 

methods of loop shutdown include valves or heaters located on the liquid line. 


Pumping Capability 

The pumping capabilrry of dm two-phase loop is detemnned by the pora dhunefa, of the week matenal mflized u, a,e 
evaporator, and is calculated from. 

AP = 2 cr/r ^ 

where a the surface tension force of the working Zfc, 

To date, CPL systems have utilized polyethylene wicks that ^vep^i^re diameters ^ ^ ^ ^ 

yielding approximately 3000 pascal (0.4 psi) pumping capa ty dermal conductivity through the wick, 

me* tricks in CPL evaporaiots has been ptofaemanc tat ^^^^‘Szeleralltc dtamum o, 
which leads to bubble generation in the core and tepm* of dm >°«Py W Lability, 40,000 Pascal (5.8 

nickel tricks with _ pore sites near LO *tm hls fkeitated die use of propylene working fluid m 

ps.) with ammonia at 20 C. fa^ P*mg pa fa advantageous for appheanons where die 

*e & - addtdoual heaters 

may be required on the CC. 


Number of Evaporator Pumps 

Ctnrendy only stngle evaporator systems d« S7“ S^couJTg 

testing, implementation of LHPs with more than tw cpL utilize more than one evaporator 

betwL the evaporator and die CC, and the flutd volume rapmratots. CPU on »Ut« mo ^ 

5SS! SS5S 

Sflt* ££ ;r^«s k all Z redismbution of -Waste heat” to efluipment, which 




,wirinnal heater power A multiple pump system can function as a “central utility” for the 


Transport Lines 

Both LHPs and CPLs utilize transport lines O/Kch) diameter up to 
They are typically smooth walled, standard suurdess ^ jeqf S asis . Unlike heat pipes, transport lines m 
12.7 mm. (Vi inch) diameter, depending on the heat transpo q Mentation on spacecraft. Detennination of 
CPLs and LHPs do not have wicks which ^ lines small in order to minimize weight and fluid 

the line diameter is a compromise between the desire pressure losses. The frictional pressure losses 
charge, and die need to keep the lines large enough 0 f the line diameter for laminar 

in thf liquid line and vapor line are mversdy propound “ 1 decreasmg diameter. Also note 
and turbulent flows, respectively. te ^ ^ eS ® ° uons A tota i pressure drop analysis is required for 

that additional pressure drops occur m bends mi ' losses in foe condenser, evaporator, and lines. It is 

"ded^S 5 ! foe calculated maxmimn system pressme loss, and *e wick 

pumping capability (equation 1 ). 

As previously noted, CPLs require an to k^ s« 

provisions have to be made to provide su g CQTe 0 f evaporator and cause the loop to fail. The 

point temperature so that bubbles are not intro ^ ^ ^ ^ hquid line, with a controlled thermal 

approach used on the Terra S P a ff ra j!? ,teS *®5hT Houid line provides the^cessary cooling for the reservoir 

Careful attention has to be given to die theima] i^^SsdaKd toe top operating temperature is 

die CPL). I, is recommended that die >“*£ “f;" related to the minimum flow rate 

below the temperature of the surroundmgs, there P te rs the evaporator. This is true for both 

required to achieve the necessary subcooling m e wot g subcooling, the loop can fail, whereas a LHP 

LHPs and CPLs, although it is more critical for CP • maintain temperature control). 

: nct inrrease its operating temperature (although it may no longei uc ™ 

telrng in dre andcipa.ed Spacecrafl envtronmm. * needed. 


Adverse Height and Tilt considerations 


Spaeeemd mi.gr.don and JJ, j£ of 0.6 cm 

an adVerse dlt on the order of 0.25 cm. (0.1 tnch). .Most CPL (1 0 irches) above the 
(0.25 inch) hr any direction. CPLs can IP*™* * c P more than 3 meters (10 feet) above 

T" X eeflim 

SX^p^veCsri^Te ^rvou or CC tem^ramm wfli have ro be increased above Are 
evaporator temperature. 


Analysis Requirements 





relatively receat implementator of two-phase toM, lack SeS-taTi^Soarf 

comph Jted behavior of to stoe analyses are 

a turnkey two-phase model with a Spacecraft SIND ^ development, especially related to system 

° f ^ ^ ^ 

recommended design margins are: 

1. Pressure loss/Pumpiag eapabihty- system pressure loss catenations per seetton 7 above, 50 % tnaigtn 
2 e ST“pabih^ - He,, rejection margta (1 5 •/. recommended) + 10 C of subcoohng on the retummg 


3 Spacecraft internal environment - Effect on transport lines and the CC 

4 Adverse Height - ground testing requirements 

5. Startup Conditions - effect on startup time and power needed 

6. Control Heater Power - how much power will be needed 


„ is recommended to, to analysts of two-phase systems be perfotmed by personnel experienced wtth tos type of 
work. 


Spacecraft/Instrument Integration 


Spacecraft or insfototo, inn extern can be ^fly tSSS^SS^ 

cmventional heat pipes. The use of flexible toes for to r S,” to top. Tins reduces 

for deployable radiators, and mechanical de-coup g o J routed ground other Spacecraft equipment, 

to tolerance issnes of to transport toe locanons and alMta 'to to ” when equipment must be 

This abilrty to accommodate change is especially nsefol toe. m to radratot o, 

io^nmreCLfewpon^fmloopsmtonpfoafewhilm^ 


Test Considerations 

As stated preioonsly, LHPs and CFLs offer mochgreatcr .«***_ <h S^Si 

pumping capability and static wicking height ca P^ ty* ’ t hp or CPL annlications a high fidelity 

mind for to tea program. If to applicator drffers tan ” e "\^“wSere toe is a 

SSS=B5S^sS3vSa«5 
S3sSSS35=siS=.- ss ; mr — — ” 

Anotor constdemhon is to test configurahon of to loopfs) ^“^“ e ™^X^ t ^7mefode 
Spamte cooling lmes that are hooked up to a chiller to facihtate testing dunng the mtegration phase . 



CONCLUSIONS 


While there are a number of issues related to the implementation of two-phase systems, they do off^asubstonOj 
increase in capability. They provide a great deal of design flexibility, allow tight temperature control with rnmnnad 
heater power requirements, and enable missions at lower power and weight levels (and cost) that would notte 
ifwi* conventional designs. This is demonstrated by their selection for spacecraft apphc^ons by a number 
of designers Although CPLs and LHPs function under the same basic principles, differences in their design lead 
Sacteristics, which affects their potential uses. By comparing the similarities and differ^ 
ofthe^vosystems, it is hoped that this paper will help to identify these issues and raise the awareness of them to the 

spacecraft community. 


DISCLAIMER 

The opinions expressed in this paper are solely those of the authors and do not represent an official endorsement 
from NASA or the thermal engineering community. 
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